This paper attempts to disclose the mechanical behavior and deformation performance of the resin anchor of the roadway in high temperature, deep mines, under the coupling between stress and temperature. Drawing on the relevant theories on thermomechanical coupling, this paper tests the strength, elastic modulus, Poisson's ratio and rheological performance of the anchoring resin under thermomechanical coupling, and compares the pull-out and rheological performances of the resin anchored layer under different temperatures and stresses. The results show that: With the increase in test temperature, the anchoring resin witnessed a gradual decline in its compressive strength and yield stress, a continuous decrease of its elastic modulus, a gradual growth in the Poisson's ratio, and a reduction in the yield point; The rheological deformation of the anchoring resin is affected by test temperature and stress; There is a negative correlation between the ambient temperature and the pull-out force needed to displace the anchoring resin by a certain distance, under the high temperature environment; In high-temperature, deep mines, anchoring resin is significantly affected by the ambient temperature and stress. The research findings lay the theoretical basis for the advancement of roadway support technique in deep mines under thermomechanical coupling.
INTRODUCTION
The roadways in deep coalmines should be effectively reinforced due to the high geo-stress and temperature [1] [2] . In recent years, rock anchoring has become increasingly popular in roadway excavation and reinforcement, thanks to its strong ability to improve the stress state on roadway surface. Engineering practice has shown that rock bolting is more effective in enhancing roadways than metal support, wood support and joint support [3] [4] . Being the most widely used mode of rock anchoring, resin anchoring embeds the anchor into the surrounding rock of the roadway, and bonds it with the rock by unsaturated polyester [4] [5] [6] [7] [8] [9] . Compared with cement mortar and other rock anchoring materials, the resin material solidifies fast, realizes efficient support, and facilitates construction [10] [11] [12] .
The stress state of the anchor in deep mines differs greatly from that in shallow mines. Thus, the resin anchoring system, consisting of the anchor, the resin anchored layer and the surrounding rock, in deep mines must have vastly different mechanical features from that in shallow mines [13] [14] . The supporting effect of the rock anchoring system hinges on the mechanical reliability of the resin anchored layer [15] . The existing studies have probed deep into the stress features of the anchor under load, but rarely examined the mechanical features of the anchoring material and the anchored layer under the coupling between temperature and load [16] . Therefore, it is of great theoretical and practical significance to explore the mechanical features and reliability of rock bolting system in coalmines under thermomechanical coupling.
Drawing on the relevant theories on thermomechanical coupling, this paper explores the deformation features and basic mechanical performance of the resin anchor and the anchored layer under the coupling between the stress field and the temperature field. The resin anchoring system of the roadway in a deep coalmine was selected as the object of the test. Next, the mechanical performances of the anchoring resin were compared under different temperatures, and the attenuation law of the anchoring performance with temperature was characterized.
SPECIMEN PREPARATION AND TEST PLAN

Specimen preparation
The research object is the unsaturated polyester used to anchor the roadway in a coalmine. The performance parameters of the material are listed in Table 1 .
Cylindrical specimens (diameter: 50 mm; height: 100 mm) were prepared to test the performance parameters of the resin anchor, including elastic modulus, compressive strength and Poisson's ratio. Through the following steps, the uniaxial compressive strength and deformation features of the resin anchor were measured under different temperatures: the specimen was heated up to the test temperature at the preset rate; the test temperature was maintained for 1h; the uniaxial compression was performed by the MTS810 test machine; the vertical displacement, hoop strain and other parameters of the specimen were recorded. 
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The vertical strain L, elastic modulus Eav and Poisson's ratio  can be calculated respectively by:
where, L is the increment of vertical displacement of the specimen; L0 is the original length of the specimen;  and L are the stress increment and strain increment in a section of the straight segment on the stress-strain curve, respectively;
c and L are the vertical strain and hoop strain at the end of the straight segment on the vertical strain-hoop strain curve, respectively.
Test parameters
To disclose the strength and deformation features of the anchoring resin, the specimens were heated up at a specific rate (0.3~0.5 ℃/min) to 26 ℃, 40 ℃, 60 ℃ and 80 ℃, respectively, and maintained at the corresponding temperatures for more than 1h. After that, the specimens were loaded at 0.3MPa/s until destructed. Each specimen was tested six times under each temperature. The strain, displacement and load were recorded. The mean value of each type of data was taken after eliminating errors.
The rheological performance of the anchoring resin was determined based on the time-variation in the deformation of resin anchor specimens which entered the rheological state under the constant pressure of 10 MPa and 20 MPa, respectively.
Test procedures
A total of 24 tensile shear specimens were prepared to test the tensile shear performance of the anchoring resin. As shown in Figure 1 , each specimen has a steel cylinder (diameter: 24 mm) that simulates the borehole in the surrounding rock, and a ribbed bar (nominal diameter: 11 mm) that simulates the anchor. The bar and anchor were bonded for a length of 50 mm. The prepared specimens were cured for more than 3d in the curing box (temperature: 22 ℃; humidity: 65 %), and then subjected to tensile shear tests under different temperatures in the MTS810 test machine.
The 24 specimens were divided equally into four groups, which were subjected to pull-out tests under different temperatures (26 ℃, 40 ℃, 60 ℃ and 80 ℃). For each test, the environmental box of the test machine was adjusted to the test temperature; next, the specimen was placed into the machine, and the test temperature was maintained for 2h; after that, the specimen was loaded at 0.0625 mm/s; the loaddisplacement curve and related data were recorded. Among them, the ultimate pulling resistance Fmax of each specimen can be computed by:
The pull-out performance of the resin anchored layer under the rheological state was tested in two phases. In phase one, the test was conducted at a small, constant load (such as the specimen was under elastic tensioning); in phase two, the specimen was heated up to 80 ℃ at 1 ℃/min to test the tensile shear performance under the rheological state. Three specimens were tested in each phase. 
Figure 3. Pull-out load-displacement curves at different temperatures
In each pull-out test, the pull-out load was symmetric about the centerline of the anchoring resin. Therefore, the specimen displacement measured in each test was divided by two to obtain the pull-out load-displacement curves at the corresponding temperature (Figure 3 ). It can be seen that, when the pull-out displacement was 0.5 mm, the pull-out forces were 33.7, 27.4 and 21.3 kN, respectively, in the three test environments. Hence, there is a negative correlation between the ambient temperature and the pull-out force needed to displace the anchoring resin by a certain distance, under the high temperature environment.
Rheological performance
In the first set of tests, the resin anchor was loaded at 5mm/min to 5 kN under 26 °C, the pressure was then maintained for 1.5 h, and the time variation in pull-out displacement of the resin anchor was recorded as Figure 4 . Under the pull-out force of 5 kN, the mean instantaneous displacement of the resin anchor was about 2 mm. During the 1h-long test period, the pull-out displacements of the three specimens respectively increased by 0.06 -0.16 mm, about 30 -80 % greater than the corresponding instantaneous displacements. Next, the ANSYS finite-element software was adopted to create a 1:2 scale model based on the above tests, and used to study the correlation between the rheological performance of the resin anchored layer and the displacement of the resin anchor. The finite-element simulation was carried out at the ambient temperature of 26 ℃. Figure 6 displays the time variation in the displacement between the resin anchor and the resin anchored layer at different anchoring depths and at 40min into the rheological state. It can be seen that the rheological displacement of the resin anchored layer was obviously smaller at the anchor bottom than at the anchor end, and that the pull-out displacement of the resin anchor was greatly affected by the rheological features of the resin anchored layer. Thus, the finite-element simulation outputted similar results with the above tests. Next, the heating rate of the model was set to 1 min/℃ in the finite-element software. Under this condition, the time variation of the anchor end displacement was computed for the rheological state under constant load and rising temperature, and plotted as Figure 7 . Comparing Figure 7 and Figure 5 , it is learned that the finite-element simulation produced basically the same results with the above tests, under the thermomechanical coupling. As a result, the pull-out displacement of the resin anchor must be affected by the thermodynamic performance of the material. Figure 8 illustrates the time variation in anchor end displacement at different temperatures. It can be seen that the anchor end displaced much faster under high temperature than under 26 ℃; After being applied with a constant load for 45 min, the resin anchor's rheological displacement increment under 40 ℃ was twice that under 26 ℃. The results show that, in high-temperature, deep mines, anchoring resin is under the joint impacts of the thermodynamic performance of the material and the ambient temperature.
CONCLUSIONS
Targeting the resin anchoring system of the roadway in a deep coalmine, this paper carries out tests and numerical simulations on the strength and deformation features of the anchoring resin, as well as the rheological and pull-out performance of the resin anchored layer, under the thermomechanical coupling. The main conclusions are as follows:
(1) With the increase in test temperature, the anchoring resin witnessed a gradual decline in its compressive strength and yield stress, a continuous decrease of its elastic modulus, a gradual growth in the Poisson's ratio, and a reduction in the yield point.
(2) The rheological deformation of the anchoring resin is affected by test temperature and stress. Under the thermomechanical coupling, the rheological deformation of the material picked up speed from the stable state, when the load or temperature exceeded a certain limit. The higher the temperature, the greater the test stress, and the more obvious the plastic deformation of the anchoring resin.
(3) There is a negative correlation between the ambient temperature and the pull-out force needed to displace the anchoring resin by a certain distance, under the high temperature environment. In high-temperature, deep mines, anchoring resin is significantly affected by the ambient temperature and stress.
